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This pattern of activity has been interpreted by a number of authors as reflecting a difference in the regulatory control of respiration in wakefulness compared with NREM sleep (e.g., Refs. 13 and 14). Further, it has been proposed that the change is a consequence of the integration of respiratory and sleep mechanisms, such that the respiratory changes occur at the transition between alpha and theta activity in the electroencephalogram (EEG) (2, 4) . The timing of the regulatory change is of critical importance, as the transition from sustained wakefulness to sustained sleep is characterized by rapid and repeated fluctuations in state between predominantly alpha and predominantly theta EEG activity. Thus, if regulatory control in the respiratory system is dependent on the alpha vs. theta state, then respiratory activity could vary during sleep onset as a consequence of fluctuations in state.
However, few studies have investigated the changes in respiratory activity within stage 1 sleep. Bulow (2) reported an extensive investigation of respiration during sleep, including measurements during stage 1 sleep. He reported a fall in ventilation, a rise in PACES, and a decrease in the sensitivity of the CO, response curve from wakefulness to stage 2 sleep, with intermediate values for stage 1. However, Bulow did not distinguish between alpha and theta during stage 1 in his numerical analyses, although he did comment that transitions between alpha and theta were typically associated with fluctuations in ventilation.
The latter observation has subsequently been confirmed (4). Finally, an increase in CO, tension in association with the onset of stage 1 sleep has been reported (11) . The aim of the present study was to describe changes in ventilation and gas tensions during sleep onset as a function of transitions between alpha and theta EEG activity.
METHODS

Subjects
The subjects were 11 males and 9 females, aged between 18 and 29 yr (mean 20.4 yr). All subjects were healthy nonsmokers without histories of respiratory or sleep problems. No subjects reported having had respiratory problems during sleep. The mean weight of the males was 71.25 kg (SE 3.29) and that of the females was 60.78 kg (SE 2.58). The females were not taking the contraceptive pill and experiments were run during the follicular phase of their menstrual cycle (between days 3 and 12).
Measurements
The respiratory variables measured were expiratory airflow, and thus tidal volume (VT), plus end-tidal CO, and 0, levels. Subjects wore a Commonwealth Industrial Gases rubber anesthetic mask, either size 5 or 6, which covered the nose and mouth and was held in place with a head strap. The mask was attached to a Hans Rudolph two-way breathing valve (model 1400). The mask plus valve dead space was -120 ml depending on facial configuration. Expiratory airflow was measured by a heated Morgan pneumotachograph, connected to a Validyne 2462 0161-7567/92 $2.00 Copyright 0 1992 the American Physiological Society pressure transducer (DP-45). Airflow was calibrated using a Sho-Rate flowmeter (l355), while the integrated volume value was confirmed using a Hans Rudolph 5-liter calibration syringe.
The level of CO, and 0, in expired air were measured using an Amatek CO, analyzer (CD-3A) and an Amatek 0, analyzer (S-3A/I), which were connected to an outlet in the breathing valve via l-mm-ID tubing. The analyzers were calibrated to ambient fresh air and known concentration tank air. The subjects' bedroom was ventilated with fresh air throughout the recording session and the temperature was maintained between 20 and 24%
The airflow signal and the uutput of the gas analyzers were fed into a Grass polygraph (model 7D) and were amplified and displayed on a paper chart. The output of the polygraph recorder for each of the respiratory variables was input to an IBM-compatible AT personal computer, where the signals were digitized at the rate of 100 Hz, displayed, and stored for off-line analysis.
The recordings for the identification of state consisted of central (&-A,) and occipital (0,-A,) EEGs, an electrooculogram, and a submental electromyogram. These recordings were collected using the Grass polygraph (model 7D) onto paper chart according to standardized procedures (15). The occipital recording was used to distinguish between alpha and theta activity. This recording was used in preference to the central lead used in two earlier studies (3,4), as alpha activity is more prominent over the occipital region, making its identification easier.
It became apparent during scoring that alpha remained for 1 or 2 s longer in the occipital than the central lead, resulting in a slightly delayed estimate of the transition. This difference did not alter the data in any significant manner.
General Laboratory Procedures
The laboratory procedures were approved by the University of Melbourne Human Ethics Committee, and all subjects gave informed consent to participate in the study. Subjects spent three nonconsecutive nights in the laboratory over a 1-to 2-wk period. The subjects arrived in the laboratory at ~2000 h at which time they prepared for bed and the equipment was attached. During and after the attachment of the mask, the experimenter discussed with the subjects the problem of leaks in the mask and instructed the subjects in their detection. In our experience, with appropriately instructed subjects, mask leakage is not a serious problem in the short recording sessions used in this study.
Subjects were required to lie in a supine position during the data collection periods. This prevented the respiratory variables being affected by changes in body position and also assisted in preventing leaks from the mask. The aim of the study was to assess respiration during sleep onset. Thus, as many sleep onsets were obtained as possible using a multiple sleep onset procedure. After lights out a minimum period of --5 min of eyes closed wakefulness was collected, during which time the subjects were to count to 500. They were told they could go to sleep on completing counting. This procedure was used to ensure that the subjects were alert during the wakefulness period and to allow them to judge when they could go to sleep, rather than informing them of this and thus disturbing them. The subjects were awakened when -5 min of stage 2 sleep had been recorded. The mask was then checked for leaks, the subjects were aroused so they would not go back to sleep too quickly, and the procedure was repeated. If there was any indication that leaks had occurred, that sleep onset was discarded. If necessary, the subjects got out of bed until they were sufficiently alert. Recording continued until -0300 h at which time the equipment was removed from the subject. If a subject was unable to remain awake and alert between sleep onsets, the session was terminated before this time. The procedures produced an average of II.3 sleep onsets for each subject.
Variables
Analyses of the respiratory variables were conducted on an individual-breath basis by computer software. The variables determined were VT, cycle duration (TT)) inspiratory (TI) and expiratory (TE) duration, and fractional end-tidal CO, (FETED,) and 0, (FET,,) . The accuracy of the program was verified by the calibration procedures described above and by reference to hand scoring of the paper chart. During off-line analysis the identification of each breath by the computer algorithm was confirmed by the experimenter.
Fractional end-tidal values were defined as the asymptote of an exponential function. Those breaths in which there were insufficient data to calculate the function or in which the data did not conform to an exponential function were discarded. A comparison of the computercalculated values with the paper chart data indicated that this method was preferable to using the final value obtained on any breath. A number of variables were then derived from those originally calculated. The variables subsequently analyzed and reported in this paper were expired minute ventilation (iiE), which was calculated by summing VT over a minute, minute ventilation estimated from each breath (EVE), VT, respiratory rate (RR), inspiratory time (TI), TI/TT, and CO, and 0, alveolar pressures estimated from FET,,, (PAo,)l* (PA,,,) min. The mean number of values (sleep onsets) contribshowed the greater change in the direction identified in uting to each subject's score for wakefulness and the last the earlier analyses. Again this criterion was used beminute of stage 1 and stage 2 were 6.45 (2-lo), 9.37 (2-cause of uncertainty as to the exact relationship of the 19), and 8.58 (2-17), respectively. transition to the respiratory cycle. Gender was included as a variable in the analysis, and thus each of the respiratory variables was analyzed using a one-between (male vs. female) and one-within (awake vs. stage 1 vs. stage 2) analysis of variance (ANOVA).
Comparison of alpha with theta EEG activity during stage 1 sleep. The occipital EEG was visually classified as being predominantly alpha (8-12 Hz) or theta (3-7 Hz) activity or as being obscured as a result of movement. This was done without reference to the respiratory recordings, by drawing a line through the EEG trace at transitions from one state to another. Individual breaths, beginning with lights out and ending with the onset of stage 2 sleep, were then assigned as alpha or theta breaths according to the EEG state at the beginning of inspiration. Because there was no information on which to decide whether the breath in which the EEG transition occurred should be assigned to the pre-or posttransition state, this definition is arbitrary. As a consequence the location of any transition was potentially in error by one breath. As a consequence of these procedures, sleep onset between the first occurrence of theta activity and the final attainment of stage 2 sleep consisted of alternating alpha and theta activity interspersed with periods of movement activity. Transitions in state from alpha to theta or from theta to alpha were then identified and the data averaged over transitions.
A feature of the data that further complicated the analysis was that the number of sequential breaths in a state at any time was highly variable within subjects, nights, and sleep onsets. To reflect this factor in the analysis each occurrence of a transition, either alpha to theta or theta to alpha, was assigned to one of three categories on the basis of the number of sequential breaths in the state before the transition. Thus the AP,, and TP,, values were assigned to categories according to the pretransition length. The categories were 2-4, 5-9, and 10 or more breaths. Occasions when the subject was in a state for only a single breath were discarded from the analysis. The average number of transitions for each subject were for 2-4 breaths, 32 and 25 for alpha to theta and theta to alpha, respectively; for 5-9 breaths, 18 and 12; and for 10 or more breaths, 9 and 5.
As a result of this organization of the data, 12 values were calculated for each subject, two states [alpha (A) and theta (T)], two positions [post-(P,,) and pre-(P,,) transition, or alternatively beginning (P,J and end (P,,) of a state], and three state durations, as defined by the number of consecutive breaths within a state (2-4, 5-9, and 10 or more). Gender was included as a further variable and thus each respiratory variable was analyzed by a one-between (gender), three-within (state by position by number), 2 X 2 X 2 X 3 ANOVA. On the basis of the initial analyses of alpha-to-theta transitions, the data were further summarized to more effectively describe the major trends and to make them more amenable to statistical analyses. Alternations in arousal state between alpha and theta were represented by four values. These are illustrated in Fig. 1 . The values selected were immediately pre-and posttransition for alpha-to-theta transitions (AP, and TP,,) and pre-and posttransition for theta-to-alpha transitions (TP,, and AP,,). The comparison of AP,, with TP, and of TP,, with AP,, allowed the effect of state to be assessed. In addition, the comparison of AP, with AP, and of TP,, with TP,, allowed the effect of consecutive breaths within each state to be assessed. The two values immediately before transitions (AP, and TP,,) were defined as the average of the second and third last breaths before the transition, The last breath was nut used because of potential errors in the location of the transition (see previous paragraph). The two values after the transition (AP, and TP,) were defined as either the first or second breath after the transition. The one used was that which
RESULTS
Comparison of Wakefulness With the Final Minute of Stage 1 and Stage 2 Sleep
The pattern of results was similar to that which has been reported in a number of previous studies. VE, VT, and PA*, fell during sleep, and PACT rose. Further, the fall in VE had asymptoted by the en&of stage 1 sleep. However, RR, TI, and TI/TT were not affected by state. The data and statistical analyses are summarized in Table 1 .
There were also gender differences. Male subjects had a higher VE, VT, and PAco and a lower PAN, than did the females. Also the fall in2vE was greater in male subjects. This was a consequence of a slightly larger fall in VT and a small decrease, rather than an increase, in RR. However, the interaction of gender and state did not reach significance for VT or RR. The greater fall in VE was not simificant if expressed as a Bercentage of the DURING SLEEP ONSET The effect of the alpha vs. theta state on EVE is shown in Fig. 2 . Plotted is the average of each of the last five breaths before a transition, where the pretransition state was at least five breaths in duration, and the first five breaths after the transition, where the posttransition state was at least five breaths in duration. As can be seen, a change in state had an abrupt and substantial effect on ventilation, a result that replicates those of Colrain et al. (3, 4) . The presence of the state effect was independent of the number of breaths pre-and posttransition and was observed in all but one male and one female subject. The fall in EVE was due to a significant fall in VT, with there being essentially no change in the average RR. Also apparent in Fig. 2 are systematic changes within states, with falls in EVE during consecutive alpha breaths and increases over theta breaths.
To investigate the within-and between-state effects and to assess the effect of number of breaths within a state, the data were summarized as described in Data Analysis. The data were analyzed using a four-factorial ANOVA with repeated measures on three factors. The independent-groups factor was gender (males and females), while the repeated-measures factors were state (A and T), position [posttransition (P,,) and pretransition (PJ], and number of breaths in each state (2-4,5-g, or 10 or more breaths). The mean values for each condition for the respiratory variables, with a summary of the statistical analyses, are presented in Table 2 .
The first effect apparent in the data was a significant state effect on ventilation, with EVE being higher in alpha than theta. This difference is shown in Fig. 3 . As can be seen the alpha values were higher than theta in all conditions. Thus, EVE decreased in alpha-to-theta transitions and increased in theta-to-alpha transitions (significant state-by-position interaction). In addition, the magnitude of the difference between alpha and theta was dependent on the number of breaths before the transition. The alpha-to-theta difference decreased (AP,, to TP, in Fig. 3 ), while the theta-to-alpha difference increased (TP, to AP,, in Fig. 3) , with increasing pretransition breaths (significant state-by-position-by-number interaction).
The second major influence on EVE was a within-state effect. Statistically, this was also reflected in the stateby-position-by-number interaction.
Within the alpha state EVE decreased during consecutive breaths, whereas within the theta state E%E increased during consecutive theta breaths. The magnitude of the changes were a positive function of the number of breaths. In Fig.  3 , this effect is shown by the fall in AP, values as the number of alpha breaths increased and the tendency for TP,, values to increase as the number of theta breaths increased. In addition, the posttransition values were also influenced by the length of the pretransition state, being higher in AP,, as a function of consecutive theta breaths and lower in TP,, as a function of consecutive breaths in alpha. Finally, the effect of consecutive breaths was greater on alpha than theta breaths, in both the pre-and posttransition conditions. Thus, the significant position-by-number interaction was due to the overriding influence of the alpha state on the position effect. The dashed lines in Fig. 3 represent linear regression lines that summarize the significant state-by-position-by-number interaction. They were computed over both the between-and within-state effects described in the previous two paragraphs tended to be larger in males than females after short runs of alpha or long runs of theta. This was statistically indicated by a significant gender-by-position-by-number interaction and by a marginally significant four-way interaction (P = 0.08). The gender differences are illustrated by the comparison between Fig. 3, A and B. However, as with the comparisons between wakefulness and stage 2, gender differences were not observed if changes were expressed as percentages of alpha values.
Carbon dioxide and oxygen values changed in a manner consistent with the changes in EVE (Table 2) . ~~~~~ was lower in alpha than theta and higher in males than in females. There was also a significant three-way interac- tron among state, position, and number. This is illustrated in Fig. 4 . PA,,, fell in alpha as a function of consecutive alpha breaths, affecting both AP:, and TP,, values, and rose during theta breaths, affecting both TP, and AP,, values, with small increases at alpha-to-theta transitions and slightly larger decreases at theta-to-alpha transitions. The fall in ~~~~~ during alpha was presumably a consequence of the relative hyperventilation of the alpha state, whereas the relative hypoventilation of the theta state would have allowed PA,,, levels to rise during theta. There was also a tendency for this pattern to be influenced by gender, with the statistical analysis showing a significant gender-by-state-by-position effect and a marginally significant four-way interaction (P = 0.051). However, in this instance the gender difference appears to be due to aberrant values for the alpha-to-theta transition for 10 or more breaths, these figures being based on a relatively low number of scores for each subject. The pattern of results for Pbz essentially replicated those for PA cog. Finally, it should also be noted that, although the changes in gas tensions were statistically significant, they were relatively small in magnitude.
As with the fall in VE from wakefulness to sleep, the change in EVE between alpha and theta was associated with a change in VT but not with a change in the average RR ( Table 2 ). The significant state-by-position interaction in VT was due primarily to state changes at transitions (reduction alpha to theta and increase theta to alpha), thus the significant main effect of state. However, the significant state-by-position interaction in RR was due to changes within states (reduction within alpha and increase within theta), thus the significant effect of number. TI and TI/TT increased and decreased in association with VT.
One inference that might be made from Fig. 3 is that, if the number of breaths in alpha before a transition were sufficiently great, there would not be a change in EVE from alpha to theta. However, this did not occur. Thus, for example, the transition from wakefulness to the first theta period for each sleep onset, when the subjects had been awake for at least 10 min and typically longer, still showed a substantial fall in ventilation.
The AP, and TP, values were 6.79 and 6.15 llmin for males and 5.89 and 5.25 l/min for females. The fall was 0.64 l/min for both groups. These data are similar to the values for sequences of 10 or more alpha breaths shown in Table 2 . They also reflect the earlier observation that gender differences do not occur after long runs of alpha and the associated low PAN*, levels.
The variability that can occur as a function of changes in state is illustrated in Fig. 5 . Plotted are the data for the points AP,,, AP,, , TP,, and TP, from Table 2 for hypothetical alternations of alpha and theta sequences of at least 10 breaths. The lines joining these data points do not represent data, and the functions are arbitrary. Of critical importance is the observation that large changes in ventilation can occur as a consequence of changes in state, particularly in male subjects. It should also be noted that there were large individual differences in the magnitude of the changes. Thus the amplitude of the oscillation in ventilation from the transition into alpha (AP,,) to the transition into theta (TP,) ranged from -0.32 to 6.32 l/min in male and from -0.37 to 4.04 l/min in female subjects. The total oscillation in ventilation was highly correlated over subjects with the betweenstate difference. The coefficients comparing the AP,, -TP, difference (the total oscillation) with the AP,, -TP, (alpha to theta) and AP,, -TP, (theta to alpha with the sign inverted) differences were 0.89 and 0.96 for 2-4 breaths, 0.89 and 0.86 for 5-9 breaths, and 0.85 and 0.84 for 10 or more breaths. In contrast, the contribution of the within-state effect was dependent on number of breaths. Thus, the change from AP,, to AP, (change within alpha) correlated 0.29,0.67, and 0.94 with the total oscillation for 2-4, 5-9, and 10 or more breaths, respectively. The coefficients for the TP, to TP,, difference (change within theta) were 0.19, 0.72, and 0.47.
DISCUSSION
A large number of papers have now shown reductions in ventilation (V) and changes in gas tensions from wakefulness to sleep in healthy subjects (9). This finding has been replicated in the present study. Further, it has been shown that during sleep onset the transitions between alpha and theta are associated with substantial Table 2 . Lines between data points are not based on actual data, and their shapes are arbitrary.
and rapid changes in ventilation, replicating the earlier results of Colrain et al. (4) and substantiating the dependency of ventilation on state. In addition, the present study has extended these findings by showing that the magnitude of the change in ventilation at transitions between alpha and theta is dependent on the number of prior breaths in the pretransition state. Systematic changes in ventilation within states were also observed, with ventilation falling during sequential alpha breaths and rising during theta breaths, with the rate of change being greater in alpha than theta. These results are consistent with the predictions of Phillipson and Bowes (13, 14) , in that they demonstrate that under conditions in which state alternates rapidly, such as during sleep onset, the interaction of state and chemical changes can result in large fluctuations in ventilation.
The data suggest the following sequence of events occurs as a consequence of fluctuations in state during sleep onset. At transitions between alpha and theta activity in the EEG, ventilation falls (Figs. 3 and 5) , because of a reduction in VT. The origin of this change is thought to be an alteration in the regulatory control of the respiratory system (2,4). As a consequence of this change, ventilation tends to be lower at the onset of theta activity than at other times during sleep onset and the early sleep period (Fig. 5) . The hypoventilation at this time allows an increase in chemical drive, as indicated by PboZ and PACT levels (Fig. 4 and Table 2 ). The increase in drive over breaths results in a gradual increase in ventilation (Figs. 3 and 5) , with an increase in both VT and RR. On the return of alpha activity ventilation, via VT, abruptly increases. As noted by others (5, l3), this is due to the return of alpha regulatory control and to the elevated chemical drive, which, despite progressive increases in ventilation, accumulates during the theta phase. The dependency of the size of the increase from theta to alpha on the number of breaths in theta is consistent with this interpretation (Fig, 3) . Ventilation during the first breaths in alpha is then at its highest level throughout the sleep onset and early sleep period (Fig. 5) . The hyperventilation at this time reduces chemical drive (as reflected in PA,,, and PACT levels; Fig. 4 and Table 2 ) and ventilation falls during the subsequent alpha phase, with decreases in both VT and RR. The size of change in ventilation at the next alpha-to-theta transition decreases as a function of number of breaths in the alpha state (Fig. 3) and the decreasing chemical stimulation (Fig. 4) . Figure 5 illustrates the extent to which ventilation can fluctuate as a function of changes that occur as a result of the effect of state on ventilation.
The data are consistent with the hypothesis that excitatory respiratory stimuli associated with the state of wakefulness are inactivated at transitions from alpha to theta. The pattern of results also supports the view that the loss of the wakefulness stimulus at these transitions is reflected in a change in the V-arterial PCO, (Pa,,, relationship to a lower V and a higher PaCo, and in a reduction in the sensitivity of ventilatory responses (14). This is illustrated by the dependence of the magnitude of the difference between alpha and theta on the level of chemical drive and by the rate of change in EVE within alpha, as opposed to theta. It should also be noted that transitions between alpha and theta at the awake TjPa coz set point (as, for example, at the first alpha-totheta transition) still resulted in a fall in V, although the magnitude was smaller than at higher levels of chemical drive.
It should be emphasized that ventilatory responses were not measured in the present study. Rather it is argued that the data are consistent with such an interpretation. This interpretation is also consistent with the literature. The slope of ventilatory responses to chemical stimuli is known to be lower in sleep than wakefulness (l4), whereas the present data suggest that the transition occurs at the alpha-theta border. It should be noted that Bulow (2) reported a rightward shift in the sensitivity of the CO, ventilatory response curve during stage 1 sleep to a position intermediate between wakefulness and stage 2 sleep, but with little change in the slope from that of wakefulness. However, Bulow did not distinguish between periods of alpha and theta within stage I sleep. The data showed a tendency for differences to be larger in males than females during sleep onset if absolute values were considered. This result is consistent with an earlier report of gender differences during sleep onset (3). However, differences at transitions were more apparent under high chemical drive (short alpha sequences and long theta sequences) than in association with low chemical drive. Further, changes within states, particularly during alpha, were more rapid in male subjects. These gender differences are consistent with some earlier reports showing the awake ventilatory responses to chemical stimuli to be greater in males (8, 12, 16, Ifi) , although not all studies have observed these differences (6, 7, 1w A potential criticism of the present study is that the use of a visual scoring method to classify the EEG associated with breaths as alpha or theta may introduce several errors into the analysis. First, it may be inaccurate and unreliable. Second, as the method results in a dichotomous classification it may not identify changes in ventilation that occur as a function of subtle changes in EEG frequency. Thus, changes in ventilation that were reported to occur within states may have been due to subtle shifts in EEG frequency. We have recently completed a study designed to assess these possibilities (J. Dunai and J. Trinder, unpublished observations). Briefly, period analysis showed good agreement with visual classification. A comparison of the two methods using signal detection procedures resulted in an average d' value of 2.88. Further, no evidence was found for a relationship between EEG frequency and ventilation within either the alpha or theta categories. Thus the relationship between the EEG and ventilation appears to be dichotomous, rather than continuous. These results support the conclusions reached in the present study using visual classification of the EEG.
The present results do not indicate which components in the system are affected by the hypothesized reduction in respiratory drive at alpha-to-theta transitions. Thus a reduction in ventilation during theta may be due to a reduction in activity of the ventilatory muscles (12), a reduction in the muscles of the upper airway with a consequent increase in airway resistance (17), or both. However, in a recent study we have shown the mechanism to be idiosyncratic, with one subject showing substantial changes in both airway resistance and ventilation at transitions between alpha and theta and another a large change in ventilation but no change in resistance (A. Kay, J. Trinder, G. Bowes, and K. Young, unpublished observations).
In conclusion, the results are interpreted as supporting models of respiratory control that argue that there is a remlatorv change at sleet, onset and that emphasize the role of state in determining respiratory instability during stage 1 sleep. The pattern of variation within the sleeponset period was largely consistent with that predicted by the model of Phillipson and Bowes (13, 14) , although the results emphasize the role of state changes at alphato-theta transitions rather than from wakefulness to stage 2.
